The discovery of the first chemically produced mass-independent isotope effect in 1983 by Thiemens & Heidenreich opened a broad variety of applications, including physical chemistry studies, atmospheric chemistry, paleoclimatology, biologic primary productivity assessment, Solar System origin and evolution, planetary atmospheres (Mars), and the origin and evolution of life in Earth's earliest environment. This chapter reviews the history of the field as well as all of the various applications since the first report of the mass-independent isotope effect. 
INTRODUCTION
Since the discovery of stable isotopes, it has been recognized that there are subtle, albeit precisely, measurable physical and chemical properties of the isotopically substituted molecular species. These properties provided an insightful technique by which physical and chemical parameters of molecules and atoms may be elucidated. As will be discussed, for more than 70 years, these properties have been known to derive from some specific property that arises owing to relative differences in mass of the isotopically substituted species. The fields of physical and organic chemistry, geo-and cosmochemistry, paleoclimatology, hydrology, and atmospheric chemistry are examples of the wide range of applications that have arisen from development of a quantitative depiction of these properties. With the discovery by Thiemens & Heidenreich (1983) of a new variety of isotopic variation that originates from a non-mass-dependent parameter, new applications have arisen that were not obtainable by measurement of conventional isotopic variations. This chapter reviews the chemical physics of this new variety of isotope effect as well as the application of mass-independent isotope effects in nature.
One of the first papers that considered the effect of the substitution of isotopes on physical-chemical properties was by Urey & Bradley (1931) . The paper discussed the role of the relative abundances of the isotopes and their concomitant consequences. Interestingly, this paper predates the recognition of nuclear processes and stability as the parameters responsible for the establishment of nuclidic abundances. This paper was also one of the first to consider isotopic exchange equilibria as a mechanism by which isotope ratios could be altered. The stability of the species was considered to reflect a slow rate of change toward a thermodynamically stable equilibrium state and partitioning of the stable isotopes. A year later, spectroscopic absorption data of isotopically substituted nitric oxide (NO) was used to determine the relative abundances of the nitrogen and oxygen isotopes . In that work, nitrogen from four different sources was measured: air nitrogen, NO from the Haber and Birkeland-Eyde processes, nitrogen from Pennsylvania coal, and Chilean salt peter. Oxygen isotopes from a Precambrian magnetite were also analyzed. This work marked one of the first measurements of the stable isotopic composition of natural samples, albeit at low precision (10%) by today's standards. Subsequently, the first oxygen isotope ratio measurement of meteorites was reported (Manian et al. 1934) .
It was the differential vapor pressures of isotopically substituted molecules that led to the discovery of deuterium by Urey and his colleagues. A concentration of the heavier deuterium atom in the residual hydrogen condensate resulted, providing suitable concentrations for its spectroscopic detection ). This discovery led to a thermodynamic formulization for the differential vapor pressures and thermal properties of hydrogen and deuterium (Scott et al. 1934) .
Following this work, the physical chemical formalism for isotope effects developed and permitted calculation of the equilibrium constants for exchange equilibrium. were among the first reactions for which the measured position of isotopic equilibrium was calculated (Urey & Greiff 1935 , Weber et al. 1935 .
It was in 1947 that the most significant advances in the field of stable isotope chemistry occurred. Urey (1947) and Bigeleisen & Mayer (1947) made the significant advance of calculating the equilibrium constants for isotope exchange reactions directly from the small difference in free energy of the isotopically substituted molecules. These calculations paved the way for the utilization of the spectroscopic data of the molecular frequency shifts of the isotopically substituted molecules. As discussed by Urey (1947) , the final equilibrium constants may then be determined without recourse to calculation of the moments of inertia for the isotopically substituted molecules. Most importantly, in the work of Urey was the possibility that the temperature dependency of the isotope exchange reactions could serve as a basis for geothermometry. In the same year, Nier et al. (1947) developed a new mass spectrometric technique that allowed, for the first time, a high-precision measurement of the small variations of isotope ratio that occur in an isotope exchange reaction. The new type of mass spectrometer employed a method of simultaneously determining the ratio of two small currents. Each of these currents is associated with an isotopically substituted molecule, such as 12 C 16 O 16 O and 13 C 16 O 16 O (m/z = 44 and 45 AMu., respectively). The combination of the ability to determine the temperature dependency of an isotope exchange reaction as well as to precisely measure the actual changes gave birth to the field of paleothermometry. McCrea (1950) was the first to utilize the temperature variation of the fractionation of oxygen in exchange reactions between dissolved carbonate and water and between calcite and water. It was specifically the temperature dependency of the reaction that led to the utilization of carbonate oxygen isotopic measurements as a means by which ancient temperatures of the oceans could be determined. Subsequent work led to the now commonly practiced measurement of temperatures of crystallization in igneous processes. Subsequent to that work, the utilization of stable isotope ratios in a variety of natural samples to depict various processes became widespread. In all cases, the measurement of stable isotopes and their interpretation was done on the basis of known thermodynamic, kinetic, or physical properties for the isotopically substituted species. In all cases, the isotope effects are known and quantified. Hulston & Thode (1965) were the first to suggest that the measurement of more than one isotope ratio could be employed as a means by which nuclear properties could be resolved from chemical processes. In that development, it was pointed out that because all physical and chemical processes produce variations in stable isotopes that are dependent on mass, any deviation from this rule must reflect the intervention of a nuclear process. In this work, sulfur isotopes were explicitly studied ( 32 S, 33 S, 34 S, 36 S) . That work specifically demonstrated that cosmic ray spallation-produced 33 S and 36 S could be detected in iron meteorites, with the excess deriving from the interaction of high energy cosmic ray interactions with metal over billion-year exposure timescales. For a normal sulfur isotopic fractionation process, a change in the δ 34 S of, e.g., 10 per mil (parts per thousand) is accompanied by a 5 per mil variation in the δ 33 S. This derives from the mass-dependent relation of chemical and physical processes. For δ 34 S, the change in mass is 2 AMu. ( 34 S -32 S) and for δ 33 S is 1 AMu., thus the observed factor of 2 for a mass-dependent fractionation process. In their measurement of iron meteorite sulfur, excess 33 S and 36 S were observed that did not obey the mass relation, and therefore it was concluded that this must represent a nuclear (spallation) process. From knowledge of the number of excess atoms, cosmic ray influences, and spallation yields, a cosmic ray exposure time may be determined. Much later, the first multi-oxygen isotope ratio measurements were reported (Clayton et al. 1973) . It was observed that in the calcium aluminum inclusions from the carbonaceous chondrite Allende, the oxygen isotopes did not obey the expected relation δ 17 O = 1/2 δ 18 O, as expected for a conventional isotope effect obeying mass fractionation laws. Following the paper of Hulston & Thode (1965) , it was argued that this must represent a nuclear, rather than chemical, process as the composition was observed to be δ 17 O = δ 18 O. A plot of that data is shown in Figure 1 .
In a coordinate system such as that shown in Figure 1 (known as a three-isotope plot), the slope 1 line may be interpreted in two ways: First, it may be derived from the admixture or removal of pure 16 O. Second, the nuclide 16 O may be held fixed and 17 O and 18 O modified equally. It was suggested that this process might be the result of explosive carbon burning in a supernova and that this would coproduce observable associated anomalies in 24 Mg and 28 Si (Clayton et al. 1973) . After more than 30 years, no such association has been observed and has led to the abandonment of the nuclear model for the chemical mechanism.
The assignment of a nuclear process by Clayton et al. (1973) was based on the assumption that there is no chemical mechanism that may produce a variation of stable isotopes in a manner independent of mass. That assumption was demonstrated to be invalid by Thiemens & Heidenreich (1983) who were the first to experimentally demonstrate that a chemically produced mass-independent fractionation is possible. It was shown that in the production of ozone from molecular oxygen, the product is equally enriched in 17 O and 18 O, rather than the mass dependent value of 1/2 (Thiemens & Heidenreich 1983) . Figure 2 displays that data.
Comparison of Figures 1 and 2 shows that the slope of the mass-independent line is identical for the ozone experiments and meteorites. This observation raises the issue as to whether the source of the observed meteoritic isotopic anomalies derives from a chemical, rather than nuclear, process. This is the first direct measurement of a chemically produced mass-independent isotopic fractionation, thus the mechanism responsible for the observations is of fundamental interest.
It was suggested by Thiemens & Heidenreich (1983) that the source of the massindependent fractionation derives from isotopic self-shielding and that this process Three-isotope plot of oxygen of calcium aluminum inclusions (CAIs) and dark inclusions in chondrites (Clayton et al. 1977 , Clayton & Mayeda 1999 , McKeegan et al. 1998 may have occurred in the early Solar System and produced the observed Allende isotopic data. As discussed below, the chemical mechanism arises from quantum mechanical properties of a gas phase chemical reaction. The issue of self-shielding in the solar nebula has several unresolved issues associated with it, although there have been recent resurrections of the concept first discussed by Thiemens & Heidenreich. In this review, the development of mass-independent isotopic chemistry and description of the numerous applications are presented. The applications of this new variety of isotope effect is extensive and partially includes Solar System origin, evolution of Earth's Precambrian oxygen/ozone atmosphere, physical chemistry, The isotopic fractionation of ozone formation (Thiemens & Heidenreich 1983) . The original oxygen isotopic composition is at 0,0 per mil. The residual oxygen is denoted by squares and the product ozone by circles. The dotted line is a mass fractionation line passing through the original oxygen isotopic composition.
resolution of greenhouse gas sources, aerosol chemistry and transport, stratospheric and mesospheric oxygen chemistry, paleoclimate and history of Earth's oxidative capacity (paleoozone levels), and the resolution of past atmosphere-regolith interactions on Mars.
THE PHYSICAL CHEMISTRY OF MASS-INDEPENDENT ISOTOPE EFFECTS
The literature associated with the physical chemistry of mass-independent isotope effects, particularly ozone, is too extensive to treat in full detail in this review. There are a number of excellent recent reviews that provide dedicated and more expanded details (Thiemens 1999 (Thiemens , 2002 Thiemens et al. 2001 , Brenninkmeijer et al. 2003 , Chakraborty & Bhattacharya 2003c ). Thiemens & Heidenreich (1983) ascribed self-shielding as the mechanism responsible for the observed fractionation in ozone formation. However, based on theoretical considerations (Navon & Wasserburg 1985) , self-shielding was abandoned as a mechanism to explain the laboratory findings. It was kinetically shown that the rapidity of oxygen atom exchange with the precursor O 2 following dissociation removed any isotope effect associated with the photochemical self-shielding. The rate of isotopic exchange exceeds that of ozone formation, thus the original isotopic anomaly is removed by mass-dependent isotopic exchange before it may be sequestered in a stable molecular product. Further details of the isotopic self-shielding process are discussed in the ensuing section on the early Solar System. Heidenreich & Thiemens (1986) proposed the role of molecular symmetry in the formation of ozone formation as a mediating factor in fractionating the isotopes in a mass-independent manner. Early experiments on ozone formation demonstrated that the process is not restricted to electric plasmas and it also occurs in a photochemical process (Thiemens & Jackson 1987 , 1990 . Further experiments measured the effect of pressure (Thiemens & Jackson 1990 ) and temperature ) on the fractionation process, parameters that were later of significance in the development of quantum mechanical models for the fractionation process. The culmination of these experiments was of importance in ruling out a variety of proposed models. These include, for example, models associated with symmetry and parity constraints coupled with nonadiabatic collisions and transitions between differing electronic states (Valentini 1987 , and isotopic fractionation and terminal atom flipping during energized complex stabilization (Bates 1990) . These models were later demonstrated for varying reasons to not be capable of accounting for the observed isotopic fractionation process.
Large mass-independent isotopic fractionations have been observed in ionmolecule reactions (Gellene 1992 (Gellene , 1993 (Gellene , 1996 Griffith & Gellene 1992 ). In the symmetry-induced kinetic isotope effect model, the formation rate of a molecule, e.g., ozone, depends on whether the O 2 (or helium, carbon dioxide, or neon dimer) molecule is in an f (allowed) or e (restricted) parity label state (Gellene 1996) . The coupling terms between potential energy surfaces, which depend on these levels, may then determine the rate of formation of ozone. Other work has considered the effect as arising from a completely different process, that of the angular dependency in a scattering process (Robert et al. 1988 , Robert & Camy-Peret 2001 , Robert 2004 . The premise for this work is that the ratio of differential cross-sections involving distinguishable and nondistinguishable isotopes may depend in part on isotopic abundance and not mass. What is distinctive about this model is that it depends on scattering and exchange reactions and their angular dependency rather than an inherent quantum mechanical property in a chemical reaction. This work has also been extended to model isotopic distributions of meteoritic isotopic anomalies in the elements xenon, titanium, molybdenum, and samarium (Robert 2004 ).
An important advance in the development of a theory for the fractionation processes was the investigation of the relative rates of ozone formation as a function of isotopic substitution. Yang & Epstein (1987) were the first to study the ozone formation process using isotopically enriched oxygen. That work demonstrated that the isotopic composition of molecular oxygen can modify the final ozone isotopomeric composition. Following that work, the ability to make a direct analysis of the ozone Plot of the isotopic enrichment factor as a function of the ozone mass (see Mauersberger et al. 2005 for a review of the data).
isotopomers and the precise determination of their relative rates of formation was developed (Mauersberger et al. 1993 Anderson et al. 1997; Janssen et al. 1999; Wolf et al. 2000) . The effect of molecular third-body (Anderson et al. 1997 , Sehested et al. 1998 , Guenther et al. 2000 , temperature ( Janssen et al. 2002) , and pressure ) have been determined for the isotopomers as well. As discussed in more detail by Mauersberger et al. (2005) , the analysis system consists of a molecular spectrometer beam system, which allows for direct analysis of the product ozone as a function of molecular mass, which permits quantification of the relative rates as well as the isotopic enrichment factor in ozone formation for the isotopically substituted molecules. Some of the features of that work are displayed in Figures 3 and 4 . A striking feature of the data is the observation that the enrichment factor (normalized to 16 Figure 4 , the rates are also highly sensitive to the isotopomeric structure. The fastest rates are observed for the reactions that lead to production of 668 and 688 ozone. The reactions producing symmetric 868, 686 ozone are significantly slower, by a factor of as much as 150, a remarkable difference for a structural isotopic difference. These and subsequent results are important in the development of a quantum level treatment of the observed isotope effect in ozone formation.
For the development of a theoretical context for isotopic ozone formation, the effect of temperature needed to be determined for the isotopomeric species. measured the temperature dependency of the rate coefficients and the isotopic fractionation factor. These experiments have been instrumental in the development of the theories associated with the ozone formation process, particularly in the identification of the effect of isotope exchange in the overall fractionation process. 
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A plot of rate coefficients of isotope-specific ozone reactions. In the above figure, A and S stand for the asymmetric and symmetric final products of identical mass, respectively, formed through the same reactants, e.g., 6 + 68 = 668 (A) or 686 (S). The data was derived from the studies by the Mauersberger group (Mauersberger et al. 2005) .
THEORIES FOR THE MASS-INDEPENDENT ISOTOPIC FRACTIONATION PROCESS
Since the discovery of the mass-independent effect in 1983, there have been numerous models developed to account for the experimental observations. Work by Marcus and colleagues at Caltech paved the way to the development of a theoretical context. The treatment is based on first principles, and it largely accounts for the experimental data (Hathorn & Marcus 1999 , 2001 Gao et al. 2002; Gao & Marcus 2001; Marcus 2004) . In their first paper on the subject, Hathorn & Marcus (1999) developed an intramolecular theory of the mass-independent isotope effect in ozone.
That work also provides an excellent summary of the experimental and theoretical efforts between 1983 and 1999. The central premise of that work is that, besides the conventional symmetry number of a factor of 2, the asymmetric ozone isotopomers contain a greater density of the reactive (or coupled) quantum states as compared to the purely symmetric. factors and, in turn, anomalous isotopic fractionation. Physically, the sorting of the isotopes occurs during the ozone reaction step, where there is a vibrationally excited ozone molecule (O 3 * ). This excited species must lose its excess energy in one of two ways, either via redissociation into an oxygen atom and molecule, or stabilization to product ozone. It is thus at this step in the reaction sequence that the symmetry factor and state density enhancement for the asymmetric species come into play and lead to a favoring of the exit channel to the stable ozone product. An important advancement in the development of the Marcus model is that for unimolecular reactions, it is a requirement that the state densities be known for all species of interest (isotopomers). It is a nontrivial requirement to make such calculations at a precision sufficient for utilization in the model. In the Marcus theory, the use of unimolecular reactions has been employed as a means to obtain the unknown vibrational frequencies of the differing asymmetric species of ozone (Hathorn & Marcus 1999 ).
An important aspect of the work by Marcus and colleagues is that, aside from developing a better understanding of chemical reactions, it provides a theoretical structure illustrating that the observed oxygen isotope effect is general and not a specific reaction feature confined to ozone. This feature is important because it is now known that mass-independent isotopic compositions are pervasive in nature, and the theory aids in prediction of where the effects may occur and in defining how they were chemically produced. Recently, the work has been extended to include a mechanism for the production of mass-independent isotopic oxygen components on the surfaces of solids under nebular conditions (Marcus 2004) . This model is a significant advancement in developing a model for the production of the observed meteoritic oxygen isotopic anomalies and is discussed in greater detail in the context of Solar System evolution.
Recently, an independent quantum mechanically based approach was developed (Babikov et al. 2003a,b) .This theory states that the mass-independent effect arises during the energy transfer mechanism, with the ozone metastable states forming and subsequently becoming stabilized. As ozone metastable states accrue, there are three possible O + O 2 channels available for energy decay. In consideration of the isotopically substituted species, access to the exit energy channels becomes available at varying energies as a result of the differential quantum zero-point energies of the different O 2 molecules. The spectrum of metastable states is quite dense below the delta zero-point energy threshold and low above it, resulting in the differential stabilization process for the isotopomers. An important feature of this model is that it utilizes fully developed potential energy surfaces for the treatment of the isotopic data, a significant advancement.
Utilizing the isotopomeric rate coefficient and enrichment results, a model based on the differences in zero-point energy was developed (Janssen et al. 2001 , and review by Mauersberger et al. 2005) . The model is based on an observation that the rate coefficient of the ozone formation reaction correlates with the zero-point energy change of the oxygen molecules involved with the ozone formation process. The zero-point energy change associated with the isotope exchange process competes with the ozone formation step (association reaction) to produce the observed variations in the reaction coefficients. There have also been other model developments to explain the ozone observations, including a symmetry-induced effect in the recombination reaction, with inclusion of the potential surfaces and the effect of spin statistics and symmetry effects (Pack & Walker 2004) . The isotopic fractionation results from the relative reaction probabilities for the isotopically differentiated oxygen atoms with polyatomic molecules and the subsequent transfer of energy to the molecule (Miklavc & Peyerimhoff 2002) . The quantum mechanical specifics of energy transfer and isotopic fractionation in the energy stabilization process has also been recently addressed by Charlo & Clary (2002) . In this specific case, the energy of the excited ozone molecule and its known resonances with bound states are of importance. This model has been criticized by Mauersberger et al. (2005) because in the quantum mechanical treatment, the bending mode is held constant, which is claimed to be unrealistic, as the low-frequency bending mode is a primary contributor to the state density.
In sum, there has been enormous progress made in the modeling of the massindependent isotopic fractionation process since the original discovery in 1983. Clearly, the unique isotopic fractionation process has been instrumental in the development of theoretical understanding of gas phase chemical reactions. In this review, applications of the mass-independent isotopic fractionation process in nature are discussed. It is important to note that these applications do not necessarily rely on intimate knowledge of the fractionation process.
OZONE ISOTOPES IN NATURE
There now exists a wealth of ozone isotopic data in the literature that is not reviewed here. A recent review by Johnston & Thiemens (2004) covers most of the literature. There are also recent papers that explicitly discuss stratospheric ozone isotopes , Irion et al. 1996 , Meier & Notholt 1996 , Johnson et al. 2000 , Mauersberger et al. 2005 , which also include measurements of the isotopomeric variations. The first measurement of the isotopic composition of stratospheric ozone was by Mauersberger (1981) , who reported enrichments of greater than 400 per mil in 18 O. It should be noted, however, that these measurements did not include 17 O, thus the measurements could not discern the mass-independent character of ozone. It was not until much later that the 17 O measurements were made that confirmed the mass-independent character (Mauersberger 1987) . Return ozone isotope measurements clearly confirmed that stratospheric ozone was massindependent in composition , with a magnitude of fractionation consistent with laboratory measurements but not the 1981 in situ mass spectrometer measurements. Measurements of the stratospheric ozone isotopic composition by ground-based FTIR (Fourier transform infrared) instrumentation also confirmed the measurements, and added isotopomeric information revealing greater heavy isotope enrichment in the asymmetric species. Satellite measurements using the ATMOS (Atmospheric Trace Molecule Species Experiment) FTIR solar measurements have provided further details of the isotopomeric distribution of ozone in the stratosphere (Irion et al. 1996) . Other infrared (IR)-based measurements and calculations have been important in understanding the distribution of stratospheric ozone isotopes www.annualreviews.org • Mass-Independent Isotope Effects ( Johnson et al. 2000) , especially the isotopomers. A more detailed description of the totality of stratospheric ozone isotope measurements is provided by an excellent review by Mauersberger et al. (2005) .
An important issue concerning the interpretation of the ozone isotopic distribution is the effect of secondary ozone reactions, specifically, the reaction with atomic oxygen and photolysis. In a series of experiments, it was shown that the magnitude of the fractionation factor is of sufficient magnitude that these secondary effects may not be ignored, as they are in most atmospheric models (Bhattacharya et al. 2002) . The work was questioned by Krankowsky et al. (2003) based on the fact that the inability to collect ozone at low pressures would not yield the correct fractionation factor and reaction with O ( 1 D) would not be important, especially in the stratosphere. However, Bhattacharya et al. (2003) showed that although the molecular trapping efficiency may be less than 100%, the effect on the resultant isotopic composition is trivial, and secondary processes in the atmosphere are significant and should be considered when developing models of stratospheric ozone. There are now further laboratory measurements that are important in understanding and interpreting the atmospheric ozone isotopic data (Chakraborty & Bhattacharya 2003a,b) .
There have been several measurements of tropospheric ozone isotopes (Krankowsky et al. 1995 , Johnston & Thiemens 1997 . The collection and measurement of tropospheric ozone isotopes at ambient concentrations of tens of parts per million mixing ratio is a formidable task, particularly given the relative fragility of the ozone molecule. The reported ozone isotope measurements, however, provide results that are consistent with laboratory measurements. The measurements from the California Institute of Technology at Pasadena, CA, and UCSD at La Jolla, CA, as well as at the White Sands Missile Range in southern New Mexico, exhibit potentially interesting variability (Johnston & Thiemens 1997) . Johnston & Thiemens (1997) suggested that the observed variability may be due to chemical interactions of ozone, notably with NOx species in Pasadena, CA; however, further experiments are needed to confirm this. Brenninkmeijer et al. (2003) have commented that the spread may be due to a combination of xenon interference and sample storage issues; however, this is not confirmed by the relevant control experiments. Perhaps the most important observation concerning ozone is that its isotopic signature is transferred to other molecular species, notably sulfate, nitrate, and carbon dioxide (see for examples reviews by Thiemens 1999 Thiemens , 2002 , and a model for the transfer of atmospheric ozone anomalies by Lyons (2001) .
MASS-INDEPENDENT PROCESSES AND THE EARLY SOLAR SYSTEM
The hypothesis that chemical and nuclear processes could be resolved from their lack of mass-dependency in their isotopic composition was first discussed by Hulston & Thode (1965) and later adopted by Clayton et al. (1973) . With the discovery of the mass-independent chemical process in 1983, the fundamental assumption regarding identification of chemical versus nuclear processes by mass-independent isotopic compositions was demonstrated to be incorrect. In the ensuing years, with the simultaneous recognition of the ubiquity of mass-independent isotopic compositions in nature and the development of ultra-high-precision isotope ratio measurements, there has been significant refinement in the definition of the mass fractionation laws and their relevant expression, particularly the relevant power law that is obeyed (e.g., Matsuhisa et al. 1978 , Miller 2002 , Young et al. 2002 .
One of the original predictions derived from the observation of the meteoritic oxygen isotopic anomalies was that if these anomalous isotopic components are produced from a nuclear process, there should be a correlation with a cogenetically produced nuclide, such as 28 Si or 24 Mg. This is particularly true because oxygen, the main element in stony meteorites, is anomalous at the bulk level. It is now well-known that meteorites and interstellar dust contain presolar interstellar grains, including oxygenbearing phases such as Al 2 O 3 , MgAl 2 O 4 , CaAl 12 O 19 , TiO 2 , and Mg(Cr,Al) 2 O 4 that were formed in supernovae and stellar outflows [see, for example, recent reviews by Nittler (2003) , Clayton & Nittler (2004) ]. The most abundant class of interstellar grains is silicon carbide, with abundances as high as 10 ppm, similar to graphite grains (Clayton & Nittler 2004 ). In contrast, there are far less oxide grains, with corundum and spinel the most abundant of this class of grains. The oxygen isotopic composition of this class of grains is quite spectacular and is depicted in Figure 5 .
There are two relevant points to be made with regard to the interstellar grains. First, the observed oxygen isotopic composition of the grains is not consistent with the observed meteoritic oxygen isotopic composition. As stated by Clayton & Nittler (2004) , ". . . modern evidence does not favor this interpretation of the 16 O excess in refractory Solar System solids because O-rich stardust that has been observed in meteorites is largely 17-O rich, not 16-O rich." Second, at the parts per million level, the interstellar grains are not sufficient enough in material amount to account for the observed meteoritic oxygen isotopic compositions. The observed bulk meteoritic oxygen isotopic composition is such that a nuclear model would require numerous reservoirs of varying isotopic composition. Figure 6 demonstrates that the oxygen isotopic composition of meteorites is highly variable in the δ 17 O and δ 18 O isotopic composition, and these constraints have, in part, led to the abandonment of the nuclear model.
With the recognition that bulk and calcium aluminum inclusion (CAI) meteoritic oxygen isotopic anomalies are not derived from nuclear processes, some variety of chemically produced non-mass-dependent isotopic fraction process must occur and is responsible for production of the observations. In the report of the mass-independent isotope effect, Thiemens & Heidenreich (1983) suggested that chemical processes could account for the meteoritic observations, and they suggested self-shielding. Two early arguments against a chemical model were that the effect is not observed in nature and that there was no way to stably preserve the effect in solids. Figure 7 is a three-isotope oxygen plot of samples in Earth's atmosphere, where mass-independent oxygen isotopic compositions have been observed and reported. Clearly, they readily occur widely in nature and as discussed below, may be sequestered in stable products. Oxides (Nittler et al. 1997 (Nittler et al. , 1998 Oxides (Choi et al. 1998 Three-isotope plot for oxygen for interstellar presolar oxides separated from meteorites (Nittler et al. 1997 , Choi et al. 1998 ) and silicates (Nagashima et al. 2004 , Nguyen & Zinner 2004 .
fractionation line. Note that this also includes molecular oxygen, the second most abundant molecule in Earth's atmosphere. Secondly, the observations also include oxygen in solid nitrate and sulfate, thus demonstrating at least one way in which mass-independent isotopic compositions are preserved in solids. In addition, as discussed in detail below, carbonates in the SNC (Shergottites, Nakhlites, Chassignites) Martian meteorites possess mass-independent oxygen isotopic compositions, which are known to be produced by gas phase chemical processes and are subsequently transferred to regolithic materials. This also demonstrates that the effect occurs in nonterrestrial environments and that the composition may be stored in solids for billion-year timescales. The oxygen isotopic composition of meteorites as well as selected oxygen isotopic reservoirs on Earth.
ISOTOPIC SELF-SHIELDING IN THE SOLAR NEBULA
It was first suggested by Thiemens & Heidenreich (1983) that isotopic self-shielding in the presolar nebular could account for the observed meteoritic anomalies, particularly the CAI oxygen isotopic compositions. As discussed in that paper, it is wellknown that there are large isotope ratio variations in the surface layers of molecular clouds as a result of isotopic self-shielding (Bally & Langer 1982 , Bensch et al. 2001 , Ando et al. 2002 , Sheffer et al. 2002 . As was also discussed by Thiemens & Heidenreich (1983) , the process of self-shielding derives from the differential absorption of the isotopic species Oxygen isotopic compositions of atmospheric species that have been measured to date.
and C 18 O. Under nonsaturation conditions, the photodissociation of the minor isotopic species proceeds at a rate commensurate with their natural abundances, which in a three-isotope oxygen plot defines a slope 1. There are now measurements of C 17 O in interstellar molecular clouds, although the errors associated with the observations are large compared with meteoritic isotope measurements (Bensch et al. 2001 , Sheffer et al. 2002 . Reviews by van Dishoeck & Blake (1998) and van Dishoeck (2004) provide details of astronomical observations of interstellar regions and their associated chemistry and chemical processing. Although the process of self-shielding in interstellar molecular clouds is well-known, the link to meteoritic oxygen isotopic compositions is remains to be firmly established.
Following the suggestion of the self-shielding process in 1983 as a means to produce meteoritic oxygen isotopic compositions (Thiemens & Heidenreich 1983 ), Navon & Wasserburg (1985) performed a careful kinetic analysis of the possibility of the self-shielding process occurring in the early Solar System. The analysis demonstrated that the rapidity of oxygen isotope exchange reactions is a major limit on sequestering the isotopic anomaly that may be produced by the optical shielding effect. It was shown that under nebular conditions, the trapping of anomalous oxygen by metal atoms or hydrogen is inefficient at pressures lower than 10 −3 atm and a nebular composition. Even if trapping of the anomalous oxygen atoms on submicron particles is invoked, the extinction by such particles will remove the process of self-shielding. Recently, the concept of self-shielding has been raised again (Clayton 2002) , although the brief paper does not differ in any substantial way from that suggested two decades previously by Thiemens & Heidenreich (1983 Thiemens & Heidenreich (1983) , and later by Clayton (2002) , selfshielding could be of relevance for production of the observed meteoritic nitrogen isotopic anomalies. The possible role of solar photochemistry is better understood with the development of models of early solar evolution, in particular the X-Wind (Lada & Shu 1990 , Shu et al. 1996 , Shu et al. 1997 ). This photochemical activity arises in protostars in their more advanced stages of formation, and the X-ray emissions become harder and more intense during flare periods owing to the coupling between the accretionary disk and the magnetosphere of the evolving star. More importantly, it is during this period that there is a highly enhanced level of ultraviolet radiation available to initiate photochemical reactions, although probably not self-shielding. Other self-shielding models suggest that the self-shielding occurs on CO above the mid-plane of the nebula , that is, along the normal axis of the disk rather than along the path from the central protostar. In this model, the fate of the oxygen atom is specifically considered. Given that the temperature in this region of the nebula is cold, the atom becomes trapped in ice and is prevented from exchange. However, the ice must be brought to the region where silicates are formed and in some manner converted from ice to silicate without any exchange or admixture of ice from regions where equal 17 O, 18 O photolysis does not occur. This work is, to date, the best kinetic analysis of the potential role of photochemical processes in the solar nebula. Furthermore, with the recent measurement of sulfur isotopic anomalies in four achondritic meteorites, it now is apparent that photochemical processes occurred in the nebula and kinetic photochemical models such as those of Lyons and Young will be of fundamental importance in mechanistically resolving the earliest chemistry of the Solar System, irrespective of the involvement, or not, of self-shielding. In a recent model for self-shielding it was proposed that the process does not occur in the presolar nebular, but rather in some parental molecular cloud at low temperature (Yurimoto & Kuramoto 2004) . The anomalous oxygen is trapped in ice, which is transported to the solar nebula. The model does not provide a quantitative explanation as to how the ice isotopic composition ultimately becomes transferred to the meteoritic silicate grains. In addition, the model requires that the ice is monoisotopic, whereas the process of self-shielding produces a very large range in isotopic composition over radial distances. In addition, as is the case in the nebular model, the radial distance over which the equal 17 O, 18 O fractionation occurs is restricted, which is not taken into account in the determination of production of the isotopically anomalous ice reservoir. Future models may further resolve this issue of isotopic transfer at the molecular mechanistic level.
There is another issue associated with some of the self-shielding models that requires attention. It is assumed that in the photolytic process there is only one isotope effect, that associated with the self-shielding process. CO photo-dissociation in this spectral region is well-known to occur via predissociation, and it is assumed that there is no isotope effect associated with the dissociation process itself. There have now been many measurements of isotopic fractionations associated with ozone photolysis (predissociative) and all exhibit large isotopic fractionations. For example, in the case of carbon dioxide, there is a greater than 100 per mil isotopic fractionation associated with 17 O (enrichment in the product CO and O) and a small 18 O depletion (Bhattacharya et al. 2000) . The cause is reasonably well understood and is due to the dissociation taking place via a spin-forbidden process during the transition from a singlet to triplet state, with the latter lying on a repulsive potential energy curve. The isotopic selectivity arises from the energy resonant spin-orbit coupling on the singlet state to those of the triplet. In the case of carbon monoxide, it is expected that there will be an isotopic fractionation associated with the photolysis process, although all self-shielding models ignore this. Furthermore, a significant dissociative isotopic fractionation associated with the photolysis will have the effect of altering the optical depth of the isotopomers, which concomitantly will change the shielding parameters. This issue has not been addressed by any of the existing self-shielding models. The Lyons and Young models are not sensitive to this issue, as the effects are isotopically large. The Clayton model however requires only the single isotope effect associated with the self-shielding process, which would be invalid if there is an isotopic fractionation associated with the actual bond breakage.
Recently, it has been shown that there is another issue to be addressed and that concerns the actual photochemistry process within the relevant astronomical actinic region (Chakraborty & Thiemens 2005) . In all photochemical models, the self-shielding process must occur in the spectral region of 90-110 nm, where there exist individual isotopic absorption lines for CO. The self-shielding models have assumed that there is no overlapping of these spectral lines. However, recent calculations have revealed that as a result of nonadiabatic coupling between discrete states and the dissociative continuum state, most of the absorption profiles are wider and considerable overlap exists (Andric et al. 2004 ). The actual self-shielding process is restricted to a very narrow spectral region (106-111 nm). More importantly, however, as discussed by Chakraborty & Thiemens (2005) , there is as much CO photolysis in spectral regions, where there may be no self-shielding because of the lack of discrete isotopic states, and there is a significant isotopic fractionation associated with the CO photolysis in this region, a phenomena ignored by all shielding models. In sum, there are numerous issues in the self-shielding models that require further analysis. In addition, experimental verification of CO self-shielding should be pursued to unambiguously demonstrate its potential.
With regard to shielding, a possibility is that it does not occur in CO, but rather in a stable silicate precursor such as SiO or AlO. In this manner, there is no issue with secondary exchange or with the mechanism associated with the conversion of ice into a silicate solid. Thiemens (1988) presented the role of chemical reactions in the nebula as a means by which the meteoritic oxygen isotopic compositions are established. While selfshielding models largely focus on the generation of the CAI slope 1 line, they do not address the observation that, at the bulk level, the oxygen isotopic composition of the various meteorite classes varies (see Figure 6) . As discussed by Thiemens (1988) , a major restriction with such models (including nuclear) is that they require the presence of numerous isotopically distinct reservoirs in the nebula. As is displayed in the atmospheric measurements (Figure 7) , chemical reactions are capable of producing different mass-independent oxygen isotopic reservoirs at the same time and location. Furthermore, the range in isotopic composition varies by more than 100 per mil in δ 18 O. An important feature of the chemical model is the very general nature of the process. The recent physical chemical models, although they differ at the quantum level in their specifics, have common features of relevance; in particular, there is a general dependency on molecular symmetry. It is in fact this property that makes oxygen a most special case. Oxygen is one of the only elements on the periodic chart that (a) possesses more than two stable isotopes, (b) coordinates other atoms and is situated molecularly in a position to be governed by molecular symmetry properties, and (c) is present as a nebular gas phase reactive species. No other elements fulfill all of these requirements, with the possible exception of sulfur (discussed below). Thiemens (1988 Thiemens ( , 1999 suggested that there are a number of chemical reactions that may occur under nebular conditions that could give rise to mass-independent isotopic compositions; this includes, for example, O + SiO → SiO 2 and OH + SiO → SiO 2 + H, or reactions involving a range of metal oxides, including, e.g., O + AlO, O + FeO, or O + CaO. Any of these reactions, according to the relevant physical chemical theories, lead to a mass-independent isotopic fractionation as a result of their reaction. In a three-isotope plot, this produces a slope 1 line and simultaneously positive and negative oxygen isotopic reservoirs. Given that these reactions involve gas phase reactions of metal oxides, experimental verification is most formidable, as high temperatures and gas phase reactions are required. Evaporative experimental conditions, for example, lead to localized high pressures and avalanche-type nucleation rather than gas phase reactions that proceed under Rice-Ramsperger-Kassel-Marcus (RRKM)-type conditions. The generality of the effects are likely to be greater than originally considered. From atmospheric carbon monoxide isotope measurements, it is known that the reaction CO + OH → CO 2 + H produces a mass-independent isotopic composition in the carbon dioxide product (Huff & Thiemens 1998 , Rockmann et al. 1998 ). This is significant from two standpoints: First, it is direct evidence that an OH reaction may produce a massindependent isotopic fractionation, particularly because OH is a relevant nebular oxidant (van Dishoeck & Blake 1998 , van Dishoeck 2004 . Secondly, it has been argued that the mass-independent isotopic compositions observed in nature all are a result of the transfer of the ozone anomaly; the observation of an anomalous isotopic anomaly arising from OH reaction unambiguously demonstrates that to be incorrect. This reaction has recently been studied for the relative reaction rates of the five CO isotopologues using rovibrationally resolved FTIR techniques (Feilberg et al. 2002) .
PRODUCTION OF METEORITIC ISOTOPIC ANOMALIES IN THE SOLAR SYSTEM BY MASS-INDEPENDENT CHEMICAL REACTIONS
Marcus (2004) recently developed a major advancement in developing a model for production of the mass-independent isotope effect in the nebula. This work specifically addresses the isotopic composition of the CAI in meteorites and the hightemperature reactions associated with their production. A symmetry based chemicaldynamical effect is suggested for the production of the anomalies, consistent with the premise that the reactions that produce solids from gaseous precursors in the nebula result from the generality of the process and produce mass-independent solids. A most important factor in this model is that the reactions do not need to occur in the gas phase; rather, they proceed on grain surfaces where, owing to entropic factors, they kinetically favor a surficial reaction. In this scenario, equilibrium is established in the adsorption reaction XO (ads) + O (ads) ⇔ XO * 2 , with X being Si, Al, Ti, or any metal or carbon, and * denoting a vibrationally excited metal oxide species. The surface of the grains serves as a concentration mechanism for the reactive species, enhancing their concentrations over the volume gas-phasedriven reactions. The effect is to accelerate the kinetics, which otherwise are restrictive for a three-body process under nebular conditions of lower pressure and high hydrogen mixing ratio. The reaction proceeds with a mediation of isotopic symmetry factors, as in the case of the ozone gas phase reaction, leading to a stable species with a mass-independent isotopic composition irrespective of the initial oxygen atom isotopic composition. Following stabilization of the XO * 2 species on the grain surface, it evaporates to the gas phase. Thus, the gas phase species becomes equally enriched in 17 Marcus (2004) and Thiemens (1988 Thiemens ( , 1999 , a major merit of such models is that only one reservoir is required for production of the meteoritic oxygen isotopic anomalies. In addition, as discussed by Marcus (2004) , the model works for O atoms and H 2 O molecules, and is therefore quite general.
At present, the production of meteoritic oxygen isotopic anomalies by nuclear admixtures is mostly ruled out. Self-shielding, as first proposed by Thiemens & Heidenreich (1983) , has several significant issues that should be addressed in the future; in particular, careful experimental verification. The generality of the symmetry effect and its pervasity on Earth (to be discussed in detail in the ensuing section) suggest that it is the actual chemical reactions associated with the formation of the solids in the Solar System that produce the meteoritic isotopic anomalies. Quantum mechanically based models have been developed that are consistent with this notion, and further experiments will be most important in developing models. Oxygen, owing to its position on the periodic chart, is unique in its chemical and physical properties, which accounts for the observation that it remains the only element that is anomalous at the bulk (percent) level. No element is expected to correlate with oxygen, as observed. Owing to its position on the periodic chart, sulfur possesses some of the relevant properties, and there is recent evidence that ureilites, acacpulcoites, lodranites, and CaS inclusions from the Norton County aubrite possess mass-independent isotopic compositions that may be a reflection of nebular photochemical processes (Rai et al. 2005) . Sulfur, however, is more complex in that it possesses a multitude of valence states (positive and negative as well as neutral), and secondary reactions remove initial isotopic compositions. It is also volatile and, unlike oxygen, is more difficult to use as an agent to record the earliest photochemical processes.
A final point regarding chemical reactions is that based on present quantum mechanics models for the production of mass-independent isotopic fractionations, the formation of the first solids in the solar nebula should produce mass-independent reservoirs. In such a case, no special photolysis, reservoir existence, transport effects, or specific mixtures of ice and dust are required. Experiments directly testing the fractionation hypothesis in solid product formation are of immediate importance.
MASS-INDEPENDENT ISOTOPIC COMPOSITIONS IN TERRESTRIAL SOLIDS
There are numerous terrestrial solid reservoirs where mass-independent isotopic compositions have been observed. An early criticism of a chemical model for production of meteoritic anomalies was that the mass-independent effect only occurs in the gas phase, an argument now demonstrated to be incorrect. Measurements of massindependent isotopic compositions in terrestrial solids have provided a new means by which a wide range of biogeochemical cycles and processes may be elucidated. In the specific case of atmospheric aerosol (particulate) sulfate and nitrate, there are several significant inadequately understood processes that have become more highly clarified as a result of the measurement of mass-independent oxygen and sulfur isotopic compositions. There are numerous important applications associated with resolving the source and transport of aerosols, ranging from climate to human health and biodiversity. In addition, these isotopic signatures are stable and can be utilized to understand present-day and ancient climates extending as far back as 3.8 billion years.
NITRATE: OBSERVATIONS AND INTERPRETATIONS
Nitrate is well-known to interact in all global cycles: biologic, hydrologic, atmospheric, and geologic. As discussed by Michalski et al. (2002) , for a variety of terrestrial ecosystems the bioavailability of fixed nitrogen is a moderator of biologic growth and biodiversity. Ambient concentrations are quite low and therefore the environment is highly sensitive to small additions or losses. Although sulfur emissions in the United States have steadily decreased, nitrate concentrations in the same time period have increased and are expected to continue to increase owing to anthropogenic contributions. Anthropogenic emissions now contribute as much as 150 Tg N year −1 as a consequence of energy production, fertilizer production, and agricultural cultivation (Galloway 1998 ). These nitrogen emissions, which equal the natural fixed nitrogen amounts, may double by the year 2050 (Galloway 1998) , with storage and negative consequences in a myriad of environments, including human effects, ecosystems, and the atmosphere. A major issue with respect to nitrate is that the budget is poorly known and thus assessment of potential damage to these systems may not be properly evaluated. Of particular interest are, for example, the rates of transformation of nitrogen species in the atmosphere. With an atmospheric lifetime of days, nitrogen as nitrate may be deposited and impact an environment thousands of kilometers removed from the source. Resolution of the kinetic and mechanistic processes of nitrogen transformation and removal are of particular importance in this regard. Nitrate in aerosol form also is an agent of radiative forcing and global warming, although of uncertain magnitude.
It is only recently that the multi-oxygen isotopic composition of nitrate was determined (Michalski et al. 2002) . The first time sequence of nitrate oxygen was subsequently reported by Michalski et al. 2003 . After ozone, nitrate possesses the largest mass-independent isotopic composition of any sample measured on Earth. Figure 8 is a plot of the oxygen isotopic composition of nitrate from several global locations.
It is observed that the isotopic compositions are highly fractionated and variable. The magnitude of the observed mass-independent isotopic composition of nitrate immediately suggests its connection to ozone. The oxidation process of nitrogen to nitrate occurs via two well-known pathways:
Both of these reactions are strictly homogenous (gas phase). A heterogeneous route occurs via Three-isotope plot of nitrate from different locations. Data provided by G. Michalski, UCSD.
As discussed by Michalski et al. (2003) , the product nitric acid from the homogenous routes will react on particle surfaces to produce aerosol nitrate. In the homogenous and heterogeneous oxidative pathways, NO 2 is the precursor molecular species, which has several identified routes of formation, including O 3 + NO → NO 2 + O 2 and NO + HO 2 (or ROx) → NO 2 + OH (or RO).
Nitrogen dioxide undergoes photolysis to nitric oxide (NO) and atomic oxygen, with the product atomic oxygen serving as a dominant source of tropospheric ozone via
This is the reaction step that gives rise to the mass-independent isotope effect in ozone. These combined reaction steps are directly responsible for the coupling of The seasonal cycle of the mass-independent isotopic composition of nitrate. Data courtesy of G. Michalski, UCSD. ozone to the nitrate product. The reactions have now been kinetically modeled and the quantitative link to ozone precisely determined (Michalski et al. 2003; 2004a,b,c) . From the combined model and field observations it is possible to explicitly define the relative contributions of the reaction pathways. Figure 9 shows the seasonal data that reflects the changing contributions of the percent pathways.
There is a most pronounced seasonal character observed in the 17 O of nitrate, with peaks of approximately 30 per mil observed in the winter months when the surface hydrolysis oxidation is at maxima. During summer months, homogenous gas phase reactions are dominant, and the decrease in the mass-independent isotope composition is large (approximately 8-10 per mil in 17 O). The kinetic-isotopic model in Michalski et al. (2003) demonstrates that the use of the mass-independent isotopic composition of nitrates has added a new dimension in understanding the atmospheric chemistry of nitrate, particularly in the quantification of oxidation pathways. This has historically been a major limit in understanding the atmospheric chemistry and transport of aerosol and environmental nitrate.
An important facet of the nitrate measurements is that the isotopic signal is present in a variety of environments (Michalski et al. 2004a,b,c) . From measurements of the nitrate oxygen isotopic composition in aerosols, fog, precipitation, soils, and stream water, it was shown that the isotopic signature of aerosol nitrate is perpetuated through an entire ecosystem in southern California. The specificity of the nitrate signal is utilized to indicate that a significant proportion of nitrate in the local soil, stream, and ground water derives from the atmosphere. Furthermore, the nitrate passes through the ecosystem without apparent biologic interaction. This work (Michalski et al. 2004b ) will be most important in the future to study ecosystems and how they are impacted by long-range transported species such as nitrate, to define the deposition rate, and to study biologic interactions and chemical/biological transformations within the ecosystem. These measurements have been among the first that have revealed how the use of mass-independent isotopic signatures may be used to track an entire biogeochemical cycle.
An interesting application of nitrate mass-independent isotopic compositions has recently been reported for nitrates analyzed from the Atacama Desert of Chile (Michalski et al. 2004a) . The issue of the source of these nitrates has been discussed and debated over since Darwin's time.
Nitrate and sulfate minerals collected from the nitrate ore fields in the Atacama Desert exhibit mass-independent isotopic compositions (Michalski et al. 2004a ).
Chilean nitrates possess variable
17 O values (14-17 per mil), as does sulfate (0.4%-4%). From the observed values a model has been developed to resolve the sources of nitrate in the Atacama Desert. It was shown that the nitrates are atmospheric in origin, ranging over a time period of 200,000 to 2 million years during the hyperarid conditions that presently exist in northern Chile. A similar nitrate signal exists in the Mojave Desert, although it is less pronounced owing to less arid conditions and injection of other nitrate sources. Along with the utility of the mass-independent isotopic measurements in resolving the regional source of nitrate, the work has demonstrated that the isotopic measurements can be used to provide a paleomeasure of biologic productivity. Finally, the Atacama Desert is frequently studied as a Martian analog, and as discussed in Michalski et al. (2004a) , these studies are useful in studying the production and preservation of secondary minerals over million-year timescales.
SULFATE AEROSOLS: OXYGEN AND SULFUR MASS-INDEPENDENT ISOTOPIC COMPOSITIONS
It is well established that the end product of sulfur oxidation in the atmosphere is aerosol sulfate. It has also been known for decades that sulfur in the environment exerts a number of negative impacts. Sulfate aerosols are a recognized health hazard, particularly with respect to cardiovascular disease and respiratory disorders. Its negative impact extends essentially to all spheres, including the hydrosphere, geosphere, and particularly the biosphere. Loss of primary productivity has been recognized and characterized for decades in association with acid rain. Structural damage to, for example, buildings, statues, roads, tires, and other structures has also been known to occur for more than a half century.
An overarching issue regarding atmospheric sulfur concerns the formation mechanism of aerosol sulfate, particularly its oxidation pathway. As discussed in Savarino et al. (2000) , there is an indirect radiative climate forcing from aerosol sulfate owing to its role in the formation of water droplets and clouds. In this capacity, the role of sulfate is poorly quantified, especially the relative roles of homogenous (gas phase) and heterogeneous (liquid phase) oxidation. The relative roles are of significance in establishing size distribution and optical properties, as well as transport. This has historically been a difficult parameter to quantify, and the use of mass-independent oxygen and sulfur isotopes has played a significant role in developing our understanding of this process as well as source identification.
It is now well established that atmospheric aerosol sulfate possesses massindependent oxygen and sulfur isotopic compositions , Johnson et al. 2001 , Lee & Thiemens 2001 , Lee et al. 2002 , Romero & Thiemens 2003 , Alexander et al. 2005 . The oxidation processes of sulfur are known to be highly complex. In a series of laboratory experiments, Savarino et al. (2000) were able to develop a fundamental understanding of the oxidative process and the associated isotopic fractionation factors. It was experimentally shown that the gas-phase oxidative www.annualreviews.org • Mass-Independent Isotope Effectsreaction pathways,
produce sulfate that is completely mass dependent. It was also shown that the reaction of H 2 O 2 and O 3 in solution (heterogeneous) produces sulfate with a massindependent isotopic composition. As discussed, the isotopic composition of tropospheric ozone has been measured as well as tropospheric hydrogen peroxide (Savarino & Thiemens 1999) . As shown in Lee & Thiemens (2001) , with knowledge of the isotopic composition of atmospheric H 2 O 2 , O 3 , the sulfate aerosols isotopic reaction fractionation factors, reaction mechanisms, and rate constants, a model to quantify the atmospheric observations has been developed. The model precisely accounts for the transfer of anomalous oxygen atoms from ozone and hydrogen peroxide to the product sulfate. Most importantly, the work allows for the resolution of the proportions of heterogeneous versus homogenous oxidative pathways. As discussed by Romero & Thiemens (2003) , the oxygen measurements and models, coupled with sulfur isotope ratio measurements in the same aerosols, amplify the ability to detect specific sources. In addition, as discussed by Lee & Thiemens (2001) , with the simultaneous measurement of 35 S (87 day half-life), the source strength of stratospheric sources becomes possible for the first time.
35 S is a radiogenic isotope produced in the lower stratosphere by cosmic rays. The lifetime is such that it is capable of providing a clock of atmospheric sulfur processes. A recent review by Turekian & Graustein (2004) details the utility of the radiogenic sulfur isotope measurements in atmospheric sulfur species. An important facet is that the clock may provide rates and fluxes of dry depositional rates, plus, when coupled with 35 SO 2 measurements, the rate of gas to particle conversion may be uniquely determined.
Recently, mass-independent oxygen isotopic measurements of aerosol sulfates collected in the Indian Ocean Experiment (INDOEX) have been used to quantify the sulfate source derived from SO 2 oxidation by O 3 in alkaline sea-salt aerosols (Alexander et al. 2005) . This work for the first time used a global transport model (GEOS-CHEM) to interpret the oxygen isotopic measurements of marine boundary layer sulfate. The model accounts for the aerosol alkalinity by the reaction of acidic gases such as SO 2 , H 2 SO 4 , and HNO 3 . The combined model and mass-independent isotopic signatures demonstrated that this reaction takes place rapidly over a major portion of the Indian Ocean, with the exception of high latitudes where there are strong sea-salt sources. In the model, the formation of sulfate on aerosols is restricted by the alkalinity addition from the ocean and competition of the alkalinity by HNO 3 (Alexander et al. 2005) . From the model, it appears that ozone oxidation imparts the largest component of mass independence, with hydrogen peroxide accounting for an order of magnitude less. The model and mass-independent observations have also shown that the role of regeneration of sea-salt alkalinity by OH uptake cannot account for the mass-independent isotopic compositions of sulfate. Most importantly, as concluded by Alexander et al. (2005) , the results indicate that sulfate production on sea-salt aerosols are effective in converting SO 2 to SO 4 and they increase the marine boundary layer aerosols sulfate burden. Globally, this is a significant process, with as much as 9% of sulfate production derived from this pathway. This result is significant and new, since global radiative forcing models do not yet account for this pathway.
MASS-INDEPENDENT SULFATE AND PERCHLORATE IN TERRESTRIAL ENVIRONMENTS
One of the major features of sulfate with respect to its recording of natural phenomena is the extraordinary stability of its isotopes. Other than under the most extreme conditions (high acidity), the isotopic composition of sulfate remains constant on at least million-year timescales. This feature led to the ability to use the oxygen isotopic composition of sulfates in a wide variety of terrestrial sulfates (Bao et al. ,b, 2001a (Bao et al. ,b, 2003 Bao & Reheis 2003; Bao 2005) . The first in this series of papers measured the oxygen isotopic composition of sulfate from two major sulfate deposits: gypcretes from the central Namib Desert and the sulfate-bearing Miocene volcanic ash beds in North America (Bao et al. 2000b ). This work was significant in that it was the first measurement of a mass-independent isotopic composition in a nonatmospheric reservoir. Furthermore, it was demonstrated that this record may be used as a tracer of ancient biogenic activity on timescales where the record is otherwise diffuse or nonexistent. Furthermore, the record from volcanic events is of importance in that it is a record of the oxidative capacity of Earth, and in the future, development and application of such measurements may lead to enhanced understanding of Earth's fragile ozone cycle. In a follow-up study of the Namibian gypcretes, the complexity of the paleorecord in such regions was demonstrated and discussed in greater detail (Bao et al. 2001b) . The uniqueness of the sulfate isotopic signature has also been of utility in resolving the long-standing issue of identifying the source of sulfate in Antarctic dry-valley soils ). These deposits have been studied for decades, as they are among the oldest and best-preserved surfaces on Earth. Investigations of their composition and properties have been instrumental in evaluating the processes of life in extreme environments, and they serve as a Martian analog. A matter of significant debate has been the origin of the salt in the dry valleys, with sources including windblown sea salt, chemical weathering, marine incursion, hydrothermal processes, and the oxidation of oceanic biogenically produced sulfur species, such as dimethyl sulfide (DMS) ). The mass-independent isotopic composition of the sulfate is highly definitive, and the sources were identified as a combination of sea salt (mass dependent) and oxidation of DMS. The oxygen isotopic measurements of samples from various locations in the dry valleys revealed how the sulfate is transported and redistributed. The mass-independent isotopic composition of sulfates is of particular importance in adding a new spectrum of information from desert regions. It has been shown, for example, that the measurement of sulfate oxygen isotopes in desert varnishes can provide information on how these unusual features were formed.
Most recently, have measured the sulfate oxygen isotopic composition of samples from the hyperarid Atacama Desert, a region where the source of the www.annualreviews.org • Mass-Independent Isotope Effectssulfate has been a matter of debate. This work was able to both identify the sources of the sulfate in the various regions of the Atacama Desert and to detail the contributions of secondary sulfate in the central Atacama Desert region, which varies between 9% and 24%. The magnitude of the mass-independent isotopic anomaly and its variation is responsible for the ability to resolve relative atmospheric contributions.
Sulfate in samples from Oligocene ash beds in the United States have been shown to possess positive 17 O isotopic anomalies , Bao 2005 . This work has been the most significant because the features of the sulfate and the associated geological settings suggest that the O-17 anomalous gypsum deposits in the Oligocene ash beds result from a series of extreme dry fogs that injected anomalously high amounts of atmospheric sulfate, with subsequent deposition to the otherwise semiarid environment. This work provides a significantly greater degree of understanding of this time period and demonstrates how the specific isotopic features are used to provide detailed paleoclimatic information that could not have been developed by any other measurement. The measurements also have developed a new means to understand the sensitivity of Earth's atmosphere to large-scale phenomena.
Perchlorate (ClO − 4 ) has numerous uses in society, including its use as a rocket propellant. It is highly chemically mobile and is a threat to drinking water in many regions. Perchlorate is also a natural species, although of inadequately resolved source strength (Erickson 2004) . As discussed by Erickson, the source of perchlorate is a major issue, as there are millions of citizens that have issues with perchlorate in drinking water (the limit was set at 1 ppb by the U.S. EPA). Perchlorate also propagates through the ecosystem and is found, for example, in lettuce grown in California and Arizona. Bao & Gu (2004) demonstrated that natural perchlorate from the Atacama Desert possesses a significant mass-independent isotopic signature, with a 17 O ranging from 4.2 to 9.6 per mil. This work has addressed a century-old issue: What is the source of the percholorate? This work revealed that the reaction sequence Cl + O 2 → ClO 3 ClO 3 + OH → HClO 4 represents the overall oxidation pathway for chlorine. Although the mechanism is not adequately understood owing to the intervention of short-lived free radicals and, potentially, particle surfaces, it appears that one of the percholorate oxygen atoms derives from ozone. This has provided a basis for the separation of man-made sources, all mass dependent, and an atmospheric source with one atom derived from the relatively constant mass-independent ozone source. Figure 10 displays the oxygen isotopic composition of perchlorates measured in Bao & Gu (2004) . This figure shows the different reservoirs of perchlorate, with end members of man-made perchlorate, which is mass dependent, and Atacama soils, which are heavily influenced by the atmospheric, mass-independent species. Interestingly, fertilizer possesses a significant record of the atmospheric ozone signature. Future work dedicated to resolving the mechanism of oxidation, as well as extending The oxygen isotopic composition of perchlorates from the Atacama Desert and various man-made perchlorates. Taken from Bao & Gu (2004) .
the measurements of perchlorates in the environment, will be of importance in advancing this entirely new application of mass-independent isotopic measurements.
SULFATE AND NITRATE IN ICE CORES AS A PALEOOXYGEN AND OZONE MEASURE
The multi-oxygen isotope ratio measurement of sulfate and nitrate provides quantitative information on the oxidative processes in Earth's atmosphere. Owing to the nonlability of oxygen in sulfate and nitrate, the isotopic record is preserved over extended timescales, and thus is capable of providing a long-term record of the oxidative capacity of Earth's atmosphere. This documentation is of importance in understanding global climate change and chemistry, particularly through events such as glacial periods and major volcanic events, and resolving the onset of the industrial age. The first measurements of the multi-oxygen isotopic composition of sulfate in ice cores were reported by Alexander et al. (2002) . Sulfate samples obtained from the Vostok ice cores, which cover the last glacial and surrounding interglacial, were measured for their oxygen isotopic composition. The results of these measurements are shown in Figure 11 .
From Figure 11 it is clear that the variation of the mass-independent oxygen isotopic composition of sulfate is significantly greater during the warmer interglacial than glacial time period. The isotopic anomaly clearly tracks the deuterium content of water. The deuterium content is a well-known measure of the temperature, with lower content during the colder, glacial time periods. However, as discussed in Alexander et al. (2002) The oxygen isotopic composition of sulfate from the Vostok ice core from Alexander et al. 2002 . The diamonds are the 17 values, ranging from ∼1-5 per mil, and the line is the deuterium content, which reflects the temperature change for the displayed time period.
the mass-independent variability is a measure of the oxidation efficiency and cloud processing processes. During the colder, glacial time periods, the oxidation of sulfur oxides to sulfate via cloud processing is suppressed and homogenous OH oxidation dominates. Furthermore, as discussed in Alexander et al. (2002) , owing to the changing methane fluxes, ozone, OH, and H 2 O 2 concentrations are perturbed with the net result that OH concentrations during the last glacial maxima were enhanced. As a consequence, during glacial time periods the dominant oxidation pathway becomes OH oxidation, which is strictly mass dependent. During the warmer interglacial time periods, the OH concentrations decrease, cloud cover increases, and the oxidation via the heterogeneous, liquid phase is enhanced. The result is that there is a dominant oxidation from solution phase oxidation processes, which are mass independent as a result of the ozone influence. These observations have now allowed, for the first time, development of the ability to determine the role of clouds and evaluate OH and ozone levels on 100,000+-year timescales. This is a major advancement as there is no other means by which these important species concentrations may be elucidated. Furthermore, this has provided a mechanism by which the chemical role of clouds may be determined on long time periods, which is of importance for developing climate change models. In a follow-up study (Alexander et al. 2003) , sulfur and oxygen isotopes were measured from Vostok and Greenland ice cores. It was confirmed that the sulfate oxygen isotopes reflect the stronger contributions of the OH radical in the interglacial time periods of the Eemian. The sulfur isotopes were of further interest in that they demonstrated that at Dome C (east Antarctica) there is a significant isotopic fractionation during the chemical transformation and transport to east Antarctica. It was shown that there is a Rayleigh-type fractionation of sulfur as it is transported inland towards the east Antarctic plateau. The transport apparently occurs in the lower troposphere, with a lower latitude oceanic biogenic source. The transport phenomena and chemistry is complex and these initial measurements demonstrate that for sulfur, the isotope ratios are important for resolving the source and transport profiles, whereas the oxygen provides a measure of the oxidation processes and cloud processing efficiency over time.
Very recently, measurements of the mass-independent oxygen isotopic composition of sulfate and nitrate from Greenland ice cores from 1680 A.D. to the present have been reported (Alexander et al. 2004 ). This work is the first to report both sulfate and nitrate measurements. The results demonstrate that the combined approach of sulfate and nitrate measurements further strengthens the ability to model the oxidation changes of the atmosphere over differing time periods. As discussed, the nitrate signature is particularly strong owing to its steady-state chemical interaction with ozone. The simultaneous measurements provide a more robust chemical measure as the different oxidation pathways have different dependencies. For example, sulfate oxidation is pH dependent and thus some assumptions must be made in modeling results of the heterogeneous oxidation process to account for this dependency. Nitrate oxidation, however, is pH independent; therefore, the combined approach is quite powerful in that a parameters influence may be accounted for. The results reported by Alexander et al. (2004) were of interest as they clearly revealed the change in the oxidative capacity of the atmosphere since the onset of the Industrial Revolution. The measurements demonstrated that biomass-burning events in the North American continent immediately prior to the Industrial Revolution heavily altered the sulfur and nitrogen oxidative processes. This is of relevance as it suggests that a significant component of the build up of other greenhouse gases during the Industrial Revolution resulted from biomass burning rather than strictly industrial effluents and fossil fuel burning. Modeling efforts to detail the impact of the buildup of industry in North America do not consider this source and, consequently, require modification to incorporate the role of biomass burning associated with agricultural development.
Mass-independent sulfur and oxygen isotopic compositions in ancient volcanic debris have recently been shown to provide a record of the environmental impact of massive volcanic events (Savarino et al. 2003a,b) . Sulfur isotopes in sulfates from the Mt. Pinatubo and 1259 A.D. eruptions were shown to have mass-independent sulfur isotopic compositions, whereas smaller eruptions did not. Savarino et al. (2003a,b) have shown, based on laboratory observations, that these anomalous isotopic signatures result from the UV photolysis of sulfur dioxide, specifically in the spectral region 190-220 nm. The photolysis is suggested as occurring in the early stages of a stratospheric volcanic plume, with the higher altitude achieved by massive volcanoes required for access to the short wavelength UV light unavailable in the troposphere. This work provides a means by which the climate and atmospheric impact of massive volcanoes may be assessed. Savarino et al. (2003a) have compared different paleovolcanic events and have shown that the massive volcanoes (hundreds of teragrams of SO 2 emission) may result in the shutdown of stratospheric OH chemistry and access other chemical pathways that do not occur under normal conditions. The delineation of these pathways, which are potentially depictable from the isotopic measurements, provides a new means by which chemical shifts and consequent climate forcing may occur. Future work detailing the oxygen and sulfur isotopic shifts during other massive volcanic events will be instrumental in determining how volcanoes chemically perturb the atmosphere and climate forcing. In particular, the time evolutionary development of the isotopic composition with time will be of importance.
MASS-INDEPENDENT ISOTOPIC COMPONENTS ON MARS
It has been known since the Viking mission to Mars that its atmospheric chemical and isotopic composition is anomalous and altered from the presumed initial state. Various processes have been invoked to explain these compositions, including photochemistry, aqueous alteration, greenhouse effects, and gravitational escape. To date, none have accounted for the totality of the measurements. One component of this issue is the ability to resolve the atmospheric processes and how they couple to the surface and regolith of Mars. Farquhar et al. (1998) were the first to measure all three oxygen isotopes in a secondary mineral separated from an SNC (Martian) meteorite. In that work it was reported that the Martian meteorite ALH84001 possesses a massindependent oxygen isotopic composition in carbonate, which is distinct from both the host silicate and Martian water (Karlsson et al. 1992) . It was suggested that the source of the observed isotopic anomaly derives from the atmospheric isotopic exchange reaction of O( 1 D) + CO 2 . In that reaction, the electronically excited atomic oxygen derives from ozone photolysis. This provides a mass-independent atomic oxygen atom, as ozone is known to be isotopically anomalous owing to the symmetry effects associated with its formation. Using rocket-borne collections, Thiemens and colleagues demonstrated that stratospheric carbon dioxide possesses a large massindependent isotopic composition from the same process (Thiemens et al. 1995) . The exchange reaction provides a mechanism to transfer the isotopic anomaly from ozone to carbon dioxide, as first suggested by Yung et al. (1991) and experimentally verified by Wen & Thiemens (1993) . There now exist other stratospheric CO 2 observations, laboratory experiments, and theoretical considerations of the process (Barth & Zahn 1997; Yung et al. 1997; Johnston et al. 2000; Alexander et al. 2001; Lammerzahl et al. 2002; Perri et al. 2003 Perri et al. , 2004 Chakraborty & Bhattacharya 2003c,d; Boering et al. 2004; Mebel et al. 2004; Hoag et al. 2005 ). In addition, the possible importance of carbon dioxide photolysis has been considered owing to the large mass-independent isotopic fractionation associated with its photolysis (Bhattacharya et al. 2000) . The mass-independence arises owing to selection rules associated with curve crossing.
Following the production of the mass-independent isotopic composition in stratospheric carbon dioxide in the Martian atmosphere, isotope exchange with water accompanied by carbonate production in the regolith accounts for the observed carbonate mass-independent isotopic composition. These measurements record the atmosphere-regolith interaction and the composition of the water, carbon dioxide reservoirs at that time. The use of all three oxygen isotopes coupled with relevant laboratory experiments and theory have led to the development of a better understanding of global Martian processes that could not have been achieved by mineralogical or single-isotope ratio measurements. Subsequent measurements of carbonates in the SNC meteorites Nakhla and Lafayette have further confirmed this hypothesis (Farquhar & Thiemens 2000) . Measurements of the complementary secondary mineral sulfate were also analyzed for its oxygen isotopic composition, and those results are also consistent with formation from an anomalous CO 2 -H 2 O Martian system.
MASS-INDEPENDENT SULFUR ON MARS
Owing to its measurement as the inert gas SF 6 in the isotope ratio mass spectrometer, sulfur isotopes may be measured at a significantly higher precision than oxygen. Farquhar et al. (2000) reported high-precision sulfur isotope ratio measurements of sulfides and sulfates from six SNC meteorites. It was demonstrated that Nakhla possesses a clear and resolvable mass-independent isotopic composition, observable as a negative 33 S. Based on a series of laboratory experiments, it was shown that the source of the mass-independent isotopic composition derives from the photolysis of sulfur dioxide in the UV spectral region (187-250 nm). It was suggested that the likely scenario involves volcanic injections of SO 2 and H 2 S into the Martian atmosphere followed by atmospheric photolysis and dry deposition of the anomalous sulfur. Surface photolysis of sulfate could also generate the anomalous reservoir, although this is considerably less likely as the absorption cross-sections are low. The results, similar to oxygen, have indicated that there is an active atmosphere-regolith interaction, with transport and secondary reactions prior to incorporation into the regolith. The mass-independent sulfur isotopic measurements have provided another dimension in understanding the past atmospheric-regolithic interactions on Mars. These measurements have also folded in the aspect of depicting the role of photochemistry in the Martian atmosphere. Measurements by Greenwood et al. (2000) using high-precision, high-spatial-resolution ion probe isotope measurements have further developed the understanding of the Martian sulfur cycle and also suggested that meteoritic input is another parameter that should be considered.
In sum, the observation of mass-independent sulfur components has uniquely revealed the role of photochemistry in the sulfur cycle on Mars. These measurements perhaps more importantly have recognized the unique isotopic features associated with SO 2 photolysis and led to a novel application in Earth's earliest atmosphere.
MASS-INDEPENDENT SULFUR IN EARTH'S PRECAMBRIAN AND THE EVOLUTION OF OXYGEN
The observation that a mass-independent sulfur isotopic component may be produced in the Martian atmosphere by UV photolysis of sulfur dioxide and subsequently stably stored in the Martian regolith for billion-year time periods led to a most www.annualreviews.org • Mass-Independent Isotope Effectsinteresting application. In Earth's present atmosphere, tropospheric sulfur dioxide does not undergo photolysis because the requisite wavelength is less than ∼250 nm. Owing to the presence of oxygen and ozone, this wavelength does not penetrate to the troposphere. The lifetime of sulfur dioxide is less than a week, thus it does not transport to the stratosphere where it would undergo photolysis. As discussed in an earlier section, sulfur aerosols have a small, highly variable anomaly that derives from a small, stratospherically cycled component (Romero & Thiemens 2003) , although this is not a dominant process. If, however, Earth did not have atmospheric oxygen and ozone, then short wavelength UV light would penetrate to Earth's surface, where it would photolyze sulfur dioxide and produce an anomalous sulfur isotopic reservoir, as observed in the Martian atmosphere. Farquhar et al. (2000a) , recognizing this potential, performed the first multi-sulfur isotope ratio measurements on sulfur in Precambrian rocks between the ages of 2090 and 2450 Ma. It was observed that sulfides and sulfates both possess mass-independent sulfur isotopic compositions. The water-soluble oxidized sulfur (sulfate) had negative 33 S values and the reduced sulfides were positive, as expected for material mass balance. These results are consistent with UV photolysis of sulfur dioxide in the Precambrian atmosphere during times of little or no ozone, with subsequent partitioning into the oxidized and reduced sulfur reservoirs. Figure 12 is a schematic display of the Archean measurements.
The data also display that the mass-independent sulfur isotopic anomaly disappears at circa 2.2 billion years ago, the time when oxygen levels are known to have increased. This appearance is evidenced by the global deposition of massive global oxidized banded iron formations. This work is highly significant in that for the first time a stable geochemical record is available to document the origin and evolution of oxygen (and ozone) in Earth's atmosphere. There is no other measurement that may provide such a record in spite of decades of search. In addition, because the The mass-independent isotopic composition of sulfur isotopes in Earth's early atmosphere. Data taken from Farquhar et al. (2000a) .
presence of UV light in the lower troposphere is required to produce the massindependent anomaly, quantitative constraints on the oxygen-ozone levels may be obtained. In a subsequent paper , the isotopic fractionation of sulfur dioxide was determined, as well as a portion of the spectral dependency of the isotopic-photolytic process. It was demonstrated that the actinic region around 193 nm is particularly relevant for the Precambrian processes. Based on that, and with the restrictions of the SO 2 atmospheric lifetime, it was determined that the atmospheric oxygen levels could not have exceeded a few percent of present levels at most, and likely less. In addition, carbon dioxide has been discussed as a potential greenhouse agent to warm Earth's surface during times of reduced solar luminosity, especially in the visible region. Farquhar et al. (2001) determined that the most carbon dioxide that could be inserted in the atmosphere is approximately 0.8 bar, thus models requiring larger amounts of carbon dioxide to greenhouse the Earth would not allow for penetration of UV light to Earth's surface. The sulfur isotope measurements have opened an entirely new field of study, and there are numerous investigations under way [see for example a review by Farquhar & Wing (2003) ]. Ion probe measurements have provided high-spatial-resolution measurements of the sulfur isotopic anomalies at the mineralogical level. This work has further developed details of the Precambrian cycle and early Earth metabolic processes and their development (Mojzsis et al. 2003) . This work was taken a step further by relating the ingrowth of oxygen as measured in the sulfur record to specific biological processes. Recent work by Ono et al. (2003) has simultaneously extended the measurement base and developed a sulfur photochemical model for the Archean atmosphere. This work is significant as it begins the task of providing a mechanistic understanding of the atmosphere and photochemistry in Earth's earliest environment, which is ultimately needed to begin to develop a molecular-level understanding of the origin and evolution of life. Pavlov & Kasting (2002) have further extended and refined the atmospheric modeling efforts and further defined the oxygen levels and suggest that levels of < 10 −5 times the present atmospheric oxygen level are required for preservation of the mass-independent sulfur isotopic composition. Bekker et al. (2004) have made careful, high-temporal sulfur isotopic measurements of the syngenetic pyrites in organic-rich shales of the 2.32-Gyr-old Rooihoogte and Timeball Hill formations of South Africa. The work is most interesting because it provides a critical analysis of sulfur and the associated rise of oxygen at the critical time period of 2.3 billion years ago. Measurements such as this are critical in defining the time window in which oxygen levels rose and, subsequently, why. Clearly, none of these advancements would be possible without the ability to use mass-independent sulfur as a quantitative measure of the Archean oxygen cycle on Earth (and Mars).
CONCLUDING COMMENTS
The first demonstration of a mass-independent isotopic fractionation process in 1983 has provided in the ensuing years an entirely new technique by which a wide range of scientific venues may be explored. This includes chemical physics and quantum isotope effects, source delineation of greenhouse gases, description of atmospheric aerosol formation processes and transport, paleoozone levels, Martian atmosphereregolithic interactions, Solar System origin, and resolution of the origin and evolution of oxygen and life on Earth. Other topics not described in this review include the use of O 2 isotopes as a means to measure primary productivity (Luz et al. 1999; Luz & Barkan 2000; Angert et al. 2001 Angert et al. , 2003 Angert et al. , 2004 , mass-independent sulfur isotopes in diamonds to evaluate Archean atmosphere-mantle exchange (Farquhar et al. 2002) , and detection of oxygen isotopic distributions as a means to experimentally evaluate triatomic isotopologue dissociation energy dependencies (Michalski et al. 2004b ). Each of these areas is providing new dimensions of analysis that could not have been achieved by other analytical techniques, including single-isotope ratio measurements.
With recent advances in the ability to measure nanomolar-sized samples and to perform isotope ratio measurements at the tens of parts per million precision there are numerous new frontiers open utilizing mass-independent isotopic fractionations and compositions as a highly specific probe of nature.
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